Photonic band structure analyses are applied to study the effect of slab thickness in two-dimensional photonic crystal slab waveguides. For transverse electric-like modes of a triangular lattice of air holes, the band gap of the asymmetric photonic crystal slab with a drilled low-index cladding do not differ significantly from that of the photonic crystal suspended in air over a wide range of slab thickness. The condition of single guided mode operation is also studied and it is found that the single mode cutoff thickness changes only by a small amount as an air-hole filling ratio varies once the center of the band gap is fixed.
I. INTRODUCTION
During the last decade, there has been considerable interest in photonic band gap materials, or photonic crystals. 1, 2 The existence of a spectral gap in the photonic crystal opens up many potential applications such as theresholdless lasers 3 and high-efficiency light emitting diodes. 4 Since the concept of the photonic band gap was proposed, many groups have investigated various types of two-dimensional ͑2D͒ and three-dimensional ͑3D͒ photonic crystals. Though some 3D photonic crystal structures have been successfully demonstrated, 5, 6 2D photonic crystals have been extensively studied because they are relatively easier to fabricate and operate in optical frequencies. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] 2D photonic crystals can provide a convenient way of controlling in-plane spontaneous emission and light propagation when waveguiding is built into the structures.
Recently, 2D photonic crystals in a dielectric slab of finite thickness is drawing much attention. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] This structure is composed of a thin dielectric slab surrounded by air or other low-index materials for vertical confinement and a 2D photonic crystal for in-plane confinement of light. Due to strong index contrast, the optical mode volume of a 2D photonic crystal slab cavity can be almost as small as that of a 3D photonic crystal cavity 18 and the scattering of light out of a waveguide plane can be greatly reduced. 2 Much effort has been made to study the optical characteristics of such photonic crystal slabs and some considerable experimental results have been reported recently. For example, enhanced light extraction [9] [10] [11] and lasing action [13] [14] [15] in photonic crystal slabs have been realized even at room temperature with reasonable efficiency. There have also been some theoretical analyses such as mode properties [16] [17] [18] [19] and spontaneous emission characteristics. [20] [21] [22] High extraction efficiency and a large spontaneous emission coupling factor are predicted from the analyses.
Optical mode properties of a 2D photonic crystal with infinite thickness are usually determined by the filling factor and the refractive index contrast between two composite materials. In the 2D photonic crystal slab, thickness and index contrast with cladding materials are also important parameters as compared to the infinite 2D photonic crystal. In the pure 2D photonic crystal or a uniform unpatterned slab, modes are classified into TE or TM modes. TE modes are defined as the modes for which electric fields are polarized parallel to the plane of a waveguide. In the case of a 2D photonic crystal slab, however, the modes are not purely TE or TM, but rather TE-like or TM-like due to the lack of the translational symmetry in the vertical direction. 20 Another important feature of a photonic crystal slab is the existence of higher-order guided modes. If the slab is thick enough, these higher-order modes will lie in the band gap between fundamental guided modes, which makes the slab a multimode waveguide and results in the reduction of band gap size. 19 The effect of these higher-order guided modes is the unique feature of a photonic crystal slab which does not appear in the 2D photonic crystal with infinite thickness. Therefore, investigating the mode cutoff condition of a photonic crystal slab is also needed for the slab to operate as a single mode waveguide.
In this article, we present analyses on the single mode operation condition of 2D photonic crystal slabs. The dependence of a band gap on slab thickness is investigated for several representative slab structures with different claddings, and then the single mode cutoff thickness is calculated. The single mode cutoff thickness is defined as the slab thickness under which the photonic crystal slab operates as a single mode waveguide in the band gap of fundamental guided modes. This single mode cutoff thickness is obtained by analyzing photonic band structures. Due to the complex geometry and large refractive index difference of a 2D photonic crystal slab, full 3D band structure calculations are performed throughout this article. We focus our attention on the triangular lattice of air holes, which is the most widely accepted structure in recent experiments. Since the triangular lattice of air holes has a large band gap for the TE polarization, the TE-like guided modes are considered exclusively in our calculations. 
II. DESCRIPTION OF THE PROBLEM
Slab thickness is an important parameter in the design of a photonic crystal slab structure. If the slab is too thin, the size of a band gap will be reduced and modes cannot be strongly confined inside the slab. On the other hand, too thick a slab will result in the large optical mode volume and the existence of higher-order guided modes in the band gap region. These higher-order guided modes reduce the effective band gap size. So, investigating the single guided mode operation of a photonic crystal slab is meaningful both theoretically and experimentally. And, the single mode cutoff thickness can be one of the criteria to determine the thickness of a photonic crystal slab.
One example of photonic crystal slab structures that we analyze is shown in Fig. 1 . The slab with a triangular array of air holes is suspended in air and composed of InGaAsP/ InP materials. This material system is frequently employed as a photonic crystal active material because of the low nonradiative surface recombination loss. The fabrication procedure of this structure is similar to that reported in Ref. 9 . Lattice constant is approximately 500 nm and the ratio of a hole radius to lattice constant is about 0.3. Slab thickness is about 200 nm, which roughly corresponds to one halfwavelength in the material.
The photon dispersion relation or the photonic band structure of a photonic crystal slab is calculated to study the thickness dependent property of a band gap. We use the preconditioned conjugate gradient minimization with a planewave expansion method to calculate a photonic band structure. 23 This method is proved to be very efficient and has been successfully applied to some theoretical works. 19, 24, 25 The periodic supercell employed in this calculation contains a large volume of the region outside a slab to ensure the negligible coupling between neighboring supercells. The photonic band structure for the slab structure shown in Fig. 1͑a͒ is presented in Fig. 2 . Actually, this is the dispersion relation of the guide Bloch modes of a photonic crystal slab. To avoid complication, only TE-like guided modes are shown in Fig. 2 . The radius of an air hole and slab thickness are 0.3 a and 0.4 a, respectively, where a is the lattice constant of the triangular array. The refractive index of a slab material is assumed to be 3.4, which corresponds to the refractive index of InGaAsP at 1.55 m. 16 The normalized frequency a/2c is used as the unit of the vertical axis. Actually, the normalized frequency means the ratio of lattice constant to the light wavelength in vacuum.
The gray region above the light line corresponds to the continuum of extended modes. The optical modes in this region leaks energy into the surrounding air as they propagate along the slab waveguide. The discrete modes below the light line do not leak energy and they are all guided inside the slab. A band gap of a photonic crystal slab is defined as the range of frequencies in which no guided modes exist. 20 Therefore, a band gap for the TE-like modes exist between the K point of the first band and the M point of the second band. Usually, the first and the second band are called the dielectric band and the air band, respectively. The center frequency of the band gap is 0.325 in the unit of the normalized frequency, and the band gap size which is defined as the ratio of the band gap width to the center frequency is 24% in this case.
Higher-order guided modes are plotted as open circles in Fig. 2 . These are the first-order guided modes which have antisymmetric mode profiles with respect to the center of a slab. The lowest band of these three higher-order modes corresponds to the first-order waveguide mode of the dielectric band. In the case of Fig. 2 , higher-order guided modes lie above the air band edge, so the photonic crystal slab acts as a single mode waveguide in the frequency range of a band gap between the fundamental ͑0th order͒ modes. However, if the slab becomes thicker, the first-order dielectric band moves into the band gap region. In that case, the slab becomes a multimode waveguide in the band gap frequencies between the fundamental modes and a band gap size will be reduced. 19 The single mode cutoff thickness can be regarded as the slab thickness when the frequency of the air band edge coincides with the lowest frequency of the first-order dielectric band. This lowest frequency corresponds to the frequency point which intersects the light line.
Three photonic crystal slab structures with different claddings are considered in this study. Besides the symmetric slab free standing in air, asymmetric slab structures employing low refractive index materials such as Al x O y or SiO 2 as a cladding are also investigated. These oxide-cladding structures are expected to have better thermal and mechanical properties. 15 We take 1.5 as the refractive index of oxide materials in the calculation. Schematic sideview diagrams of three possible slab geometries are shown in Fig. 3 . These three photonic crystal slab structures are currently being demonstrated experimentally. Each structure is labeled as A, B, and C, respectively. A is a slab surrounded by air.
12-14 B uses a drilled oxide cladding on one side of a slab.
11,15 C is a slab on an undrilled uniform oxide material. 10 In Sec. III, we first calculate a band gap position as a function of the slab thickness for these three structures to see the difference of band gap properties among them. Then, the single mode cutoff thickness is calculated as a function of an air-hole radius for three slab structures.
III. RESULTS AND DISCUSSION

A. Variation of a band gap with slab thickness
In this subsection, the effect of thickness of a photonic crystal slab on band gap frequencies is investigated. As the slab becomes thinner, guided modes shift to higher frequencies because of the reduced effective refractive index. At the same time, the band gap size decreases due to the reduction of index contrast. In addition to the finite slab thickness, the refractive index contrast between a slab core and surrounding claddings also affects the band properties of a photonic crystal slab.
For the three slab structures mentioned in Sec. II, the shift of a band gap is calculated for slab thickness from 0.2 a to 0.6 a. If the slab is so thin that slab thickness is less than 0.2 a, the air band edge will lie above the light line of the corresponding band diagram. The air-hole radius is chosen to be 0.3 a in this calculation. Although the widest band gap occurs when the air-hole radius is large, light scattering out of the plane of a slab will be increased 2 and the nanofabrication of the structure becomes more difficult. The thickness dependence of a band gap is shown in Fig. 4 . The center frequency and the band gap size are displayed separately. Results for the infinite 2D case are also plotted as dotted lines for comparison.
The center frequency decreases with the increase of slab thickness because the average refractive index of a slab waveguide increases. At the same thickness, it also decreases as the average index of each structure increases. However, the center frequency is not as different for the three structures. The difference of center frequencies between A and C is 8% when the slab thickness is 0.2 a and only 2% when 0.6 a. This implies that the refractive index of oxide materials is also sufficiently low that the oxide cladding does not greatly modify the effective refractive index of modes. In some experimental situations, it is important to match the emission wavelength of an active material to the center frequency of a band gap. This calculation result implies that similar design parameters such as period, radius, and thickness could be used when oxide materials are employed as the cladding of a photonic crystal slab instead of air.
The band gap size decreases as slab thickness decreases due to the reduction of effective refractive index contrast. This reduction results from the weaker confinement of a mode inside a slab as thickness decreases. The band gap size is nearly the same for structures A and B. For structure C, the band gap size is somewhat smaller and decreases much faster as slab thickness decreases. This is because the mode profile of structure C is quite asymmetric and the undrilled oxide cladding takes a non-negligible portion of the mode. The guided mode profile is shown in Fig. 5 . For comparison, mode profiles for structures A, B, and C are shown for the two cases of slab thickness: 0.3 a and 0.6 a. It is the square of the z component of a magnetic field at the air band edge. When the slab is thin, the significant portion of a mode spreads out of the slab for structure C in contrast to the case of structures A and B. This is the main reason for the relatively small size of a band gap for structure C. For structures A and B, the shape of the mode profiles is nearly the same, which explains the similar behavior of them in Fig. 4 .
When oxide materials are used as the cladding of a 2D photonic crystal slab, the position of a band gap is similar to the case of the free-standing slab if the cladding is also etched sufficiently. However, if uniform oxide is employed as the cladding, the band gap can be significantly different from the etched case, especially for the large air-hole size because of the reduced index contrast. Consequently, modes are not well confined in a slab and the effect of a photonic band gap becomes weaker. Because structure B has superior thermal and mechanical properties to structure A, 15 the photonic crystal slab B seems to be a promising structure for the real application of a photonic crystal.
B. Single mode cutoff thickness
The single mode cutoff condition for the TE modes of a uniform slab waveguide is given by
where n is the refractive index of the slab core, and n 1 , n 2 are those of the claddings. In using Eq. ͑1͒, n 2 should be larger than n 1 .
The cutoff thickness d c increases with the reduction of the slab refractive index or light frequency. It also increases as the slab waveguide becomes more asymmetric. These general properties of cutoff thickness can also be applied to photonic crystal slab waveguides. In the case of the photonic crystal slab, n corresponds to the effective refractive index of the patterned slab and to the angular frequency at the air band edge of the fundamental mode.
The single mode cutoff thickness of a photonic crystal slab is determined as follows. First, photonic band structures are calculated at a thickness step of 0.025 a for a given airhole radius. Then, frequencies of the fundamental air band edge and the lowest frequency of the first-order dielectric band branch are compared. The slab thickness when these two frequencies are made equal is chosen as the single mode cutoff thickness. The relative error of this method is less than 2%. The light line of structure A is given by /k, and that of structure C is given by /(n o k) where n o is the refractive index of the oxide material. For structure B, the light line is the lowest TE band of an infinite 2D photonic crystal whose lattice geometry is the same as the bottom cladding of structure B. The frequency point where the first-order dielectric band crosses the light line can be different depending on the propagation direction in the plane of the slab. There appear two such points in Fig. 2 : ⌫ϪM and ⌫ϪK direction. When we calculate cutoff thickness by varying the direction from ⌫ϪM to ⌫ϪK for one specific case, little difference in cutoff thickness is observed. The difference of cutoff thickness with propagation directions is negligible compared to the computational error. So, only the ⌫ϪM direction is examined in determining the lowest frequency of the first-order dielectric band.
The ratio of cutoff thickness to lattice constant is plotted as a function of a hole radius in Fig. 6 . The air-hole radius is varied from 0.25 a to 0.4 a. The area below the plotted points corresponds to the region where the photonic crystal slab acts as a single mode waveguide. Cutoff thickness decreases as a hole radius increases for all three structures. This behavior can be explained as follows. As a hole radius in- creases the average refractive index of a photonic crystal slab decreases, which causes the modes to shift to higher frequencies. Because the air band edge moves faster than the firstorder dielectric band as the refractive index varies, a slab waveguide, which was initially single mode, becomes multimode as the radius increases. In other words, the single mode cutoff thickness decreases as a hole radius increases. The reason why the air band edge moves faster is attributed to the fact that the fundamental mode that has more energy in the slab core than the higher-order mode is affected more by the change of the hole radius.
For the same hole radius, cutoff thickness is the largest in structure C because it is the most asymmetric slab waveguide of the three structures. The symmetric waveguide A has the smallest cutoff thickness. For the large hole radius of structures B and C, cutoff thickness cannot be obtained since the air band edge couples to the continuum states above the light line. The difference of cutoff thickness among the three structures is somewhat large compared to that of the band gap position. The relative difference of cutoff thickness between structures A and C is about 20%. This relatively large difference reflects the strong influence of claddings and symmetry of the slab waveguide on cutoff thickness.
Because cutoff thickness in Fig. 6 is expressed in the unit of lattice constant a, the decreasing tendency of cutoff thickness with a hole radius is meaningful only when the lattice constant is not changed as the hole radius varies. In real experiments, however, the lattice constant is frequently adjusted to tune the band gap position lithographically. 9 Therefore, one has to be careful to apply the above results to the actual experimental situation. All the length dimensions can be varied in experiments, which makes it difficult to completely analyze the relations among the structural parameters in the photonic crystal slab. However, one can impose some specific conditions in the analyses. For example, for the laser application, one needs to make the emission wavelength of an active material correspond to the band gap center, because a high quality factor is expected near the band gap center. So, we calculate cutoff thickness under the condition that the emission wavelength of an active material coincides with the band gap center.
The real cutoff thickness of a photonic crystal slab is shown in Fig. 7 , assuming that the center wavelength of a band gap is 1.55 m, which corresponds to the emission wavelength of the InGaAsP quantum well. The results can be directly scalable for the different emission wavelength as long as the refractive index remains unchanged. It seems that there is no general dependence of cutoff thickness on a hole radius. The behavior of change of cutoff thickness is different for the three structures. For each structure, cutoff thickness does not change very much as a hole radius varies between 0.25 a and 0.4 a. The maximum relative difference is less than 8% in this radius range. In Fig. 6 , the ratio of cutoff thickness to lattice constant decreased somewhat rapidly with the increase of a hole radius. However, the cutoff thickness itself dose not change so much because the lattice constant also must increase with the hole radius to satisfy the wavelength matching condition. The fact that cutoff thickness varies only by a small amount is worth noting in that one can determine the single mode cutoff thickness of a photonic crystal slab irrespective of an air-hole filling ratio.
IV. SUMMARY
For the two-dimensional triangular photonic lattice in a thin dielectric slab, the effects of slab thickness on the band gap between guided modes have been studied. The 3D band structure calculation based on the plane-wave expansion method is used to obtain the band gap frequencies for TElike guided modes. The slab-thickness dependence of a band gap is investigated for three slab structures with different claddings. When deeply drilled oxide is employed as a bottom cladding of a photonic crystal slab, the band gap frequencies are almost the same as the case of a photonic crystal slab suspended in air. However, if the slab is on a uniform cladding, the band gap of the slab can be significantly reduced. The condition of single guided mode operation is also investigated. The ratio of the single mode cutoff thickness to the lattice constant decreases as the hole radius increases for all three slab structures. When this result is applied to the specific experimental condition that the emission wavelength of an active material corresponds to the band gap center, we found the single mode cutoff thickness changes less than 8% for a wide range of an air-hole filling ratio. 
